Abstract: Nitrogen-doped ZnO thin films were grown on a-plane Al 2 O 3 by plasma-assisted molecular beam epitaxy. Hall-effect measurements indicated that the nitrogen-doped ZnO films showed p-type behavior first, then n-type, with the growth conditions changing from oxygen-radical-rich to oxygen-radical-deficient ambience, accompanied with the increase of the N/O ratio in the plasmas. The increasing green emission in the low temperature photoluminescence spectra, related to single ionized oxygen vacancy in ZnO, was ascribed to the decrease of active oxygen atoms in the precursor plasmas. CN complex, a donor defect with low formation energy, was demonstrated to be easily introduced into ZnO under O-radical-deficient ambience, which compensated the nitrogen-related acceptor, along with the oxygen vacancy.
Introduction
In recent years, zinc oxide (ZnO), a wide-band-gap semiconductor material, with an exciton binding energy of 60 meV, has attracted extensive interest, due to its potential applications in ultraviolet (UV) light-emitting, lasing and photodetecting devices. [1] [2] [3] [4] However, stable p-type ZnO with high hole concentrations, was difficult to be achieved, which blocks the brilliant foregrounds above. At least two factors are responsible for this problem. First, the high background electron concentration makes p-type doping reasonably difficult. Some intrinsic donors, such as interstitial Zinc (Zn i ) and oxygen vacancy (V O ), are easily formed, especially under zinc-rich (i.e. oxygen-deficient) ambience. In general, p-type doping by using group V dopants needs such a zinc-rich ambience, because of the weaker electronegativity of group V elements than of oxygen. Under this circumstance, the p-type behavior would be weakened by these defects and become difficult to use. Second, the low solubility and low ionization rate limit acceptor dopants to be able to dominate the conductivity type. Some p-type ZnO by nitrogen (N) doping has been reported, [5] [6] [7] but the role of N O acting as an acceptor [8, 9] in ZnO is still complicated and under dispute. Especially for the passivation of N-related acceptor, deeper research should be carried out. In this work, a series of nitrogen-doped ZnO (ZnO:N) films were fabricated by plasma-assisted molecular beam epitaxy (P-MBE) via various oxygen ambience. The growth ambience effects on passivation of N-related acceptor and conductivities of ZnO were studied. Especially, CN complex on oxygen site, an important shallow donor, was discussed.
Experimental
The ZnO:N thin films were grown on a-plane sapphire, by using a VG V80H P-MBE system. Radio frequency (RF)-activated nitric oxide (NO) and nitrogen (N 2 ) gas with 5N purity were employed as O and N sources, and metallic zinc with 6N purity as the Zn source. Considering that high temperature is not conducive to the incorporation of nitrogen into ZnO, [10] the growth temperature was set at 450 • C. To change the doping level, which is dependent upon the N chemical potential in the ambience, [11] NO flux was varied from 0.8 to 0.4 SCCM (Standard Cubic Centimeters per Minute), and the N 2 flux was varied in an opposite direction, with a step of 0.2 SCCM. Correspondingly, the doping condition changed from oxygen-radical-rich to oxygen-radical-deficient ambience. The RF power was fixed at 300 W for NO, and 320 W for N 2 . For comparison, an undoped ZnO (u-ZnO) thin film was grown, using O 2 as the oxygen source under the same growth temperature and pressure as a reference sample.
Structures of the samples were characterized by x-ray diffraction (XRD) with Cu K α radiation. The electrical properties of the samples were measured by a 7707 Hall analyzer (Lakeshore) in Van der Pauw configuration at room temperature. X-ray photoelectron spectra (XPS, Thermo ESCALAB 250, Al Kα radiation source hν = 1486.6 eV) were measured to study the concentration and chemical states of the doped elements. The voltage and the power of the X-ray were 15 kV and 150 W, respectively. Raman spectra were recorded in backscattering geometry with an HR800 integrated Raman system (Jobin-Yvon, France), using the 488 nm line of an Ar + laser. Low-temperature photoluminescence (PL) measurements were performed using the 325 nm line of He-Cd laser as an excitation source. Figure 1 shows the normalized XRD spectra for all the samples. Besides the (1120) peak from sapphire, only the (0002) peak of ZnO was observed, indicating a wurtzite structure with single c-orientation. Compared to the u-ZnO, the ZnO:N thin films show a broadening (0002) peak, and a decreasing intensity ratio of ZnO(0002)/Al 2 O 3 (1120) with changing growth ambience from oxygen-radical-richness to oxygen-radical-deficiency. This degradation of crystal quality suggests increasing defects in the thin films, including intrinsic defects and doped N-related ones. [12] [13] [14] . It is noticeable that the crystalline feature was also reflected on the transparency of the four samples. The transparency of the samples falls obviously to the naked eye by the changing of the growth ambience.
Results and Discussion
N-related acceptor and conductivities of ZnO were studied. Especially, CN complex on oxygen site, an important shallow donor, was discussed.
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The ZnO:N thin films were grown on a-plane sapphire, by using a VG V80H P-MBE system. Radio frequency (RF)-activated nitric oxide (NO) and nitrogen (N2) gas with 5N purity were employed as O and N sources, and metallic zinc with 6N purity as the Zn source. Considering that high temperature is not conducive to the incorporation of nitrogen into ZnO, [10] the growth temperature was set at 450 °C. To change the doping level, which is dependent upon the N chemical potential in the ambience, [11] NO flux was varied from 0.8 to 0.4 SCCM (Standard Cubic Centimeters per Minute), and the N2 flux was varied in an opposite direction, with a step of 0.2 SCCM. Correspondingly, the doping condition changed from oxygen-radical-rich to oxygen-radical-deficient ambience. The RF power was fixed at 300 W for NO, and 320 W for N2. For comparison, an undoped ZnO (u-ZnO) thin film was grown, using O2 as the oxygen source under the same growth temperature and pressure as a reference sample.
Structures of the samples were characterized by x-ray diffraction (XRD) with Cu Kα radiation. The electrical properties of the samples were measured by a 7707 Hall analyzer (Lakeshore) in Van der Pauw configuration at room temperature. X-ray photoelectron spectra (XPS, Thermo ESCALAB 250, Al Kα radiation source hν = 1486.6 eV) were measured to study the concentration and chemical states of the doped elements. The voltage and the power of the X-ray were 15 kV and 150 W, respectively. Raman spectra were recorded in backscattering geometry with an HR800 integrated Raman system (Jobin-Yvon, France), using the 488 nm line of an Ar + laser. Low-temperature photoluminescence (PL) measurements were performed using the 325 nm line of He-Cd laser as an excitation source. Figure 1 shows the normalized XRD spectra for all the samples. Besides the (1120 ) peak from sapphire, only the (0002) peak of ZnO was observed, indicating a wurtzite structure with single c-orientation. Compared to the u-ZnO, the ZnO:N thin films show a broadening (0002) peak, and a decreasing intensity ratio of ZnO(0002)/Al2O3( 1120 ) with changing growth ambience from oxygen-radical-richness to oxygen-radical-deficiency. This degradation of crystal quality suggests increasing defects in the thin films, including intrinsic defects and doped N-related ones. [12] [13] [14] . It is noticeable that the crystalline feature was also reflected on the transparency of the four samples. The transparency of the samples falls obviously to the naked eye by the changing of the growth ambience. The electrical properties of the films were analyzed in four-probe van der Pauw configuration on an HMS7707 Hall measurement system. Indium spot electrodes were made at the four corners of a square sample (5 × 5 mm 2 ), and Ohmic contact of the electrodes was confirmed. The results are summarized in Table 1 . The typical thicknesses of the ZnO:N thin films are about 800 nm, which was measured by a profilometer (Dektak XT). It was found that the conduction type conversed gradually when the ambience was changed from oxygen-rich, verified by the growth rate dependent on Zn source temperature, to oxygen-deficient accompanied with the increase of the N/O ratio. This is ascribed to the compensation of native donors by the doped N acceptors. Due to the larger electronegativity (3.50) of the oxygen atom than the nitrogen atom (3.04), [15] Zn atoms prefer to bond with O atoms, especially in the case of high NO flux, i.e. oxygen-rich ambience. So, the conductivity is still n-type due to the low nitrogen doping level. With an increasing N 2 /NO flux ratio, the N/O atom ratio was also elevated. It resulted in the increase of nitrogen doping level. Sample B exhibited p-type conduction with a hole concentration of 3.27 × 10 16 cm −3 , and a carrier mobility of 0.31 cm 2 ·V −1 ·s −1 . Such a low hole mobility is a common phenomenon in ZnO:N, which has been ascribed to the poor crystal quality suggested by XRD, owing to a heavy doping effect. [16] By further increasing the N 2 /NO flux ratio, the thin film should have shown better p-type properties. However, sample C began to show an indefinite type of conductivity with high resistance, which mixed n-and p-type behavior. We speculate it originates from strong compensation by donor-like defects formed in the oxygen-deficient ambience. Raman scattering is a powerful nondestructive technique for studying crystalline quality, structural disorder, and defects in doped semiconductors. The influence of nitrogen doping can be reflected on the Raman spectra. Figure 2 shows the normalized Raman backscattering spectra of samples A, B and C. The 378, 419, 577, 647 and 753 cm −1 peaks are from the sapphire substrate. The laser power of 50 mW and the scan times of 10 were used. … … 11800 indefinite The electrical properties of the films were analyzed in four-probe van der Pauw configuration on an HMS7707 Hall measurement system. Indium spot electrodes were made at the four corners of a square sample (5 × 5 mm 2 ), and Ohmic contact of the electrodes was confirmed. The results are summarized in Table I . The typical thicknesses of the ZnO:N thin films are about 800 nm, which was measured by a profilometer (Dektak XT). It was found that the conduction type conversed gradually when the ambience was changed from oxygen-rich, verified by the growth rate dependent on Zn source temperature, to oxygen-deficient accompanied with the increase of the N/O ratio. This is ascribed to the compensation of native donors by the doped N acceptors. Due to the larger electronegativity (3.50) of the oxygen atom than the nitrogen atom (3.04), [15] Zn atoms prefer to bond with O atoms, especially in the case of high NO flux, i.e. oxygen-rich ambience. So, the conductivity is still n-type due to the low nitrogen doping level. With an increasing N2/NO flux ratio, the N/O atom ratio was also elevated. It resulted in the increase of nitrogen doping level. Sample B exhibited p-type conduction with a hole concentration of 3.27 × 10 16 cm −3 , and a carrier mobility of 0.31 cm 2 ·V −1 ·s −1 . Such a low hole mobility is a common phenomenon in ZnO:N, which has been ascribed to the poor crystal quality suggested by XRD, owing to a heavy doping effect. [16] By further increasing the N2/NO flux ratio, the thin film should have shown better p-type properties. However, sample C began to show an indefinite type of conductivity with high resistance, which mixed n-and p-type behavior. We speculate it originates from strong compensation by donor-like defects formed in the oxygen-deficient ambience. Raman scattering is a powerful nondestructive technique for studying crystalline quality, structural disorder, and defects in doped semiconductors. The influence of nitrogen doping can be reflected on the Raman spectra. Figure 2 shows the normalized Raman backscattering spectra of The peaks at 437 and 580 cm −1 correspond to E 2 (high) and A 1 (LO) + E 1 (LO) modes of ZnO [17] respectively. An anomalous vibration mode at 273 cm −1 was also observed in the spectra. This mode was usually regarded as a wurtzite-ZnO silent mode, aroused by the breakdown of translational crystal symmetry induced by defects and impurities. [18] Therefore, the sharpening of the 273 cm −1 Raman peak with the increase of the flux ratio of N 2 /NO reflects the enhancement of doping level by hetero-atoms to a certain degree.
Results and Discussion
To investigate the evolution of N content and electric states, N 1s XPS spectra for the three ZnO:N thin films were measured, as shown in Fig. 3 . Before the measurements, the samples were etched by Ar + for 1 min to get rid of surface contaminants. Then the scan time of 100 was used to achieve a high resolution. The binding energy (BE eV) was corrected with the C 1s (284.6 eV) as standard. For the three N-doped ZnO samples, peaks at 395.5 and 403.8 eV always appeared in the XPS spectra, which were considered to be from N O [19] and N 2(O) [20] , respectively. It is obvious that the N 1s peak of N O increased gradually with the enhancing of the zinc-rich ambience. The peak located at 399.2 eV can be assigned to CN bonds. [21] The CN molecule will occupy an oxygen site easily, because of lower formation energy in ZnO, defined as CN (O) , which has been reported in many literatures. [22] It is interesting that the signal intensity of N O and CN (O) was strengthened synchronously with the growth condition changing from oxygen-radical-rich to oxygen-radical-deficient ambience, as shown in Figure 3 . [17] respectively. An anomalous vibration mode at 273 cm −1 was also observed in the spectra. This mode was usually regarded as a wurtzite-ZnO silent mode, aroused by the breakdown of translational crystal symmetry induced by defects and impurities. [18] Therefore, the sharpening of the 273 cm -1 Raman peak with the increase of the flux ratio of N2/NO reflects the enhancement of doping level by hetero-atoms to a certain degree. To investigate the evolution of N content and electric states, N1s XPS spectra for the three ZnO:N thin films were measured, as shown in Fig. 3 . Before the measurements, the samples were etched by Ar + for 1 min to get rid of surface contaminants. Then the scan time of 100 was used to achieve a high resolution. The binding energy (BE eV) was corrected with the C 1s (284.6 eV) as standard. For the three N-doped ZnO samples, peaks at 395.5 and 403.8 eV always appeared in the XPS spectra, which were considered to be from NO [19] and N2(O) [20] , respectively. It is obvious that the N1s peak of NO increased gradually with the enhancing of the zinc-rich ambience. The peak located at 399.2 eV can where S i(i=Zn, O or N) is the integral intensity of peak for N, Zn, and O elements, and asf is the atomic scattering factor. Since the calculation of atomic concentrations from XPS spectra is semiquantitative, the variation tendency that the N concentration increases monotonally in the sequence from sample A to C, agrees well with the Raman result. In sample C, the N concentration approaches 10 21 cm −3 , corresponding to about 1% atomic ratio in the ZnO matrix. However, it shows an indefinite conduction, rather than a p-type one. It means that the N-related acceptors in ZnO were passivated or compensated partially. It is worth noting that the N 2(O) peak is weakest in the three XPS N 1s signals for all the three samples, reflecting that N 2(O) was depressed efficiently. But, the integral area ratio of CN (O) /N O peaks increased in sequence from sample A to C. Since surface carbon contaminants have been diminished extremely by Ar + etching, the CN (O) should exist in the ZnO thin films. The CN complex has been demonstrated as a donor-like defect with relatively low formation energy in ZnO:N, [23, 24] as reported frequently in MOCVD-fabricated ZnO films. In this experiment, the heater of the sample holder is made of graphite. The cyanide-type radical may be formed through reaction between N atoms and volatiles from graphite, when RF activated N 2 and NO plasma were introduced into the growth chamber. [25, 26] With the N 2 /NO flux ratio increasing, the atmosphere was changed from oxygen-radical-rich to oxygen-radical-deficient ambience. In this case, CN (O) has lower formation energy in ZnO thin films, acting as a compensation source in sample C. That is to say, accompanied with an increase of N-related acceptor, CN complex, a strong compensation source, has also a great chance to be introduced into ZnO under oxygen-radical-deficient ambience. It is obvious that the source of carbon impurity is different from that in MOCVD growth, because there were hardly any hydrocarbon radicals in the MBE chamber. The exact formation mechanism and bonding configuration of CN (O) still need further investigation.
To continue to explore the change of defects in the films, low-temperature photoluminescence (PL) spectra were measured at 83 K, as shown in Figure 4 . The peak located at 3.356 eV is assigned to the radiative recombination of excitons bound to a neutral acceptor (A 0 X). [27] The shoulder at 3.371 eV besides A 0 X is assigned to free exciton (FX) emission. With an increasing total nitrogen content by changing gas fluxes, the 3.243 eV peak dominates the PL band gradually. where Si (i=Zn, O or N) is the integral intensity of peak for N, Zn, and O elements, and asf is the atomic scattering factor. Since the calculation of atomic concentrations from XPS spectra is semiquantitative, the variation tendency that the N concentration increases monotonally in the sequence from sample A to C, agrees well with the Raman result. In sample C, the N concentration approaches 10 21 cm −3 , corresponding to about 1% atomic ratio in the ZnO matrix. However, it shows an indefinite conduction, rather than a p-type one. It means that the N-related acceptors in ZnO were passivated or compensated partially. It is worth noting that the N2(O) peak is weakest in the three XPS N1s signals for all the three samples, reflecting that N2(O) was depressed efficiently. But, the integral area ratio of CN(O)/NO peaks increased in sequence from sample A to C. Since surface carbon contaminants have been diminished extremely by Ar + etching, the CN(O) should exist in the ZnO thin films. The CN complex has been demonstrated as a donor-like defect with relatively low formation energy in ZnO:N, [23, 24] as reported frequently in MOCVD-fabricated ZnO films. In this experiment, the heater of the sample It is assigned to donor-acceptor pair (DAP) transition. The peak at 3.172 eV is the first Longitudinal optical (LO) phonon replica of the DAP. [28] The broad green emission bands covering the region of 2.2-2.6 eV are related to single ionized O vacancy (V O + ). [29, 30] When the ambience converted gradually to oxygen-deficient, the green emission was enhanced synchronously. Therefore, based upon the above experiments and discussions, carbon can be easily introduced into ZnO under an O-radical-deficient condition, which ambience is often needed to increase the nitrogen doping level. It can passivate the N (O) acceptor by forming CN complex with an increase in active N atoms, and the CN complex can further compensate other N-related acceptors in ZnO.
Conclusions
In summary, ZnO:N thin film has been deposited on a-plane Al 2 O 3 by P-MBE. XPS, Raman and PL measurements demonstrated a greater incorporation of N into the ZnO lattice in oxygen-radical-deficient ambience, than in an oxygen-radical-rich one. Accompanied with the N (O) incorporation, CN (O) , a donor-like defect with low formation energy in ZnO:N, is confirmed to be formed in O-deficient ambience. To minimize the passivation and compensation of N-acceptor, carbon contaminant should be reduced. Otherwise, it is necessary that a compromise between the amount of oxygen and nitrogen in plasma, especially in an ambience including carbonaceous species. 
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